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The development of neural stem cells is regulated by a variety of growth and cell 
adhesion factors. A promising approach to direct their differentiation in vitro is the 
generation of cell substrates that replicate the intricate physical and biochemical 
properties of their cellular environment.  
The primary aim of this work was to develop cell substrates that mimic these 
properties and explore their potential in directing the differentiation of embryonic 
neural stem cells and in supporting axonal outgrowth. For this, gold nanopatterned 
glass substrates were used for the controlled immobilization of proteins. The resulting 
substrates feature nanopatterned cell signaling proteins at variable surface density, as 
well as additional cell adhesive molecules. The role of both factors in regulating the 
differentiation of mouse embryonic neural stem cells was investigated independently.  
Differentiation of neural stem cells on substrates uniformly coated with the cell 
adhesion molecules laminin, fibronectin and N-cadherin showed no effect on the in 
vitro generation of newborn neurons in comparison to polyornithine controls. 
Moreover, a 2,5-fold increase in cell number was observed on all cell-adhesion 
molecules, indicating an increase in cell proliferation. Furhermore, the role of cell 
adhesion molecules in supporting axonal outgrowth of dorsal root ganglia explants 
was investigated. The longest axonal projections ranging up to 800µm could be 
observed on laminin-coated substrates. In contrast, outgrowth on fibronectin as well 
as fibronectin-derived peptide nanopatterned substrates resulted in 200-250µm long 
projections. 
The role of nanopatterned Notch cell receptor ligand Delta-like 1 (Dll-1) substrates in 
directing the differentiation of neural stem cell cultures was investigated using 
variable ligand densities. As a result, Notch activation resulted in increased neurite 
number, branching, and cell body size. The strongest response was observed using 
340 ligands/µm2 (56nm interparticle spacing) in comparison to 735 ligand/µm2 
(90nm) and uniformly coated Dll-1 substrates. Additionally, a small fraction of 
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drastically enlarged neurons was observed on Dll-1 substrates, but no effect on the 
total number of newborn neurons.  
The next aim of this thesis was to develop a system for the non-invasive visualization 
of the embryonic nervous system. For this, a transgenic mouse line that expresses 
high levels of green fluorescent protein (GFP) specifically in newborn neurons was 
characterized. Imaging using light sheet fluorescence microscopy resulted in high-
resolution visualization of the entire nervous system in whole embryos allowing for 
generation of three-dimensional models and virtual specimen sectioning. Additionally, 
this technique was successfully applied for the visualization of innervation defects 
caused by mutation of the axonal-guidance protein Semaphorin 3A. 
In summary, the nanopatterned protein substrates presented in this work constitute a 
powerful tool for influencing in vitro development of neural stem cells. Additionally, 
the introduced transgenic mouse featuring GFP-expressing neurons allows for highly 





Die Entwicklung neuraler Stammzellen wird von mehreren Wachstumsfaktoren und 
Zelladhäsionsmolekülen reguliert. Die Generierung von Zellsubstraten, welche die 
komplexen physikalischen und biochemischen Eigenschaften ihrer zellulären 
Umgebung nachbilden, stellen einen vielversprechenden Ansatz für die Steuerung ihrer 
Zelldifferenzierung in vitro dar. 
Das erste Ziel der vorliegenden Arbeit war die Entwicklung von Zellsubstraten, welche 
diese Eigenschaften nachbilden, sowie deren Anwendung zur Untersuchung der 
neuralen Stammzelldifferenzierung und des axonalen Wachstums. Hierfür wurden Gold 
nanostrukturierte Glasoberflächen zur kontrollierten Anbindung von Proteinen 
verwendet. Die resultierenden Zellsubstrate verfügen über nanostrukturierte 
zellsignalisierende Proteine variabler Oberflächendichte und zusätzlichen zelladhäsiven 
Molekülen. Der Einfluss beider Faktoren auf die Differenzierung von embryonalen 
neuralen Stammzellen aus der Maus wurden anschließend einzeln untersucht.  
Die Differenzierung neuraler Stammzellen auf zelladhäsiven Substraten beschichtet mit 
Laminin, Fibronektin oder N-cadherin, zeigte im Vergleich zu Polyornithin keinen 
Einfluss auf den Anteil in vitro generierter Neuronen. Jedoch führten diese Proteine zu 
einem 2,5-fachen Anstieg der Gesamtzellzahl, was auf einen Proliferationszuwachs 
hindeutet. Zusätzlich wurde die Auswirkung von Zelladhäsionsmoleküle auf das 
Auswachsen von Axonen aus Spinalganglien Explantate untersucht. Auf Laminin 
beschichtete Oberflächen konnten axonale Fortsätze bis zu 800µm beobachtet werden. 
Im Vergleich hierzu zeigten auswachsende Axone auf Fibronektin beschichtete 
Oberflächen und auf nanostrukturierte Susbtrate aus Fibronektinpeptiden eine 
Gesamtlänge vom 200-250µm. 
Die Untersuchung der neuronalen Stammzelldifferenzierung auf nanostrukturierten 
Notch Rezeptor Delta-like 1 (Dll-1) Substraten zeigte eine Erhöhung der Anzahl und 
der Verzweigunng von Neuriten, sowie eine Vergrößerung des Zellkörpers in Neuronen. 
Dieser Effekt war bei einer Ligandendichte von 340 µm-2 (56nm mittlerer 
Zwischenabstand) am stärksten. Bei einer Dichte von 735 µm-2 (90nm) sowie homogen 
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beschichteten Dll-1 Substrate war die Zellantwort schwächer ausgeprägt. Zusätzlich 
wies ein geringer Anteil der auf Dll-1 Substrate differenzierten Neuronen eine drastisch 
vergößerte Morphologie. Jedoch konnte kein Einfluss auf den Gesamtanteil an in vitro 
differenzierten Neuronen festgestellt werden.  
Ein weiteres Ziel dieser Arbeit war es, ein System zur nicht-invasiven Visualisierung 
des heranwachsenden Nervensystems zu erarbeiten. Hierfür wurde eine transgene 
Mauslinie, die ein starke neuronenspezifische Expression von grün fluoreszierendes 
Protein (GFP) aufweist, charakterisiert. In Kombination mit Lightsheet 
Fluoreszenzmikroskopie konnte eine hochauflösende Visualisierung des gesamten 
Nervensystems in Mausembryonen erreicht werden. Die hiermit generierten Daten 
ermöglichten ferner die Erstellung von dreidimensionalen Modellen und eine virtuelle 
Sezierung der Embryonen. Des weiteren wurde mit dieser Methode die Visualisierung 
von Innervationsdefekten aufgrund einer Mutation des Proteins Semaphorin 3A 
demonstriert, welches zur axonalen Lenkung beiträgt. 
Zusammengefasst stellen die in dieser Arbeit vorgestellten nanostrukturierten 
Proteinsubstrate eine vielversprechende Methode zur Beeinflussung der in vitro 
Differenzierung neuraler Stammzellen dar. Darüber hinaus ermöglicht die in dieser 
Arbeit charakterisierte Mauslinie eine hochauflösenden Visualisierung des 




















Over the past decades, the experimental paradigm for the investigation of neural stem 
cell development has been mostly based on genetic studies [Yoon & Gaiano, 2005]. 
This has proven successful in contributing to the understanding of neural development 
in a physiological context. Nevertheless, the adaptation of this knowledge for the 
control of in vitro cell differentiation requires a cell culture platform that replicates the 
intricate physical and biochemical properties of cellular environments.  
The extracellular matrix (ECM) proteins fibronectin and laminin are expressed in the 
neurogenic regions of the brain, and have been reported to play a central role in 
regulating neural stem cell fate through modulation of growth factor response [Campos, 
2005]. Additionally, neural cadherin (N-cadherin) has been suggested to play an 
essential role in regulating self-renewal of progenitor cells [Chen, 2006; Broders-
Bondon, 2012]. 
Among many other stem cell regulatory factors, Notch signaling has been extensively 
studied for its role in regulating neural stem cell proliferation and differentiation [Yoon 
& Gaiano, 2005]. In addition to the biochemical aspect of Notch receptor activation, 
physical and structural implications of ligand presentation have been demonstrated to 
play a crucial role in signaling induction. First, ligand immobilization has been reported 
to be required for Notch receptor activation [Varnum-Finney, 2000]. Furthermore, 
surface density of Notch ligands has been shown to be able to regulate stem cell 
differentiation towards different fates [Delaney, 2005; De Smedt, 2005]. 
Based on these two aspects of neural stem cell fate determination, a cell substrate for 
investigating neural stem cell differentiation was developed featuring immobilized 
Notch ligands with controllable surface density and cell-adhesive cues.  
Introduction!
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For this, gold nanopatterned substrates were first prepared by block copolymer micelle 
nanolithography [Glass, 2003]. The resulting substrates consist of hexagonally ordered 
gold nanoparticles on glass support with interparticle spacing ranging between tens to a 
few hundred nanometers. Subsequently, his-tagged proteins were specifically 
immobilized to gold nanoparticles using a monothiol-NTA (nitrilotriacetic acid) linker. 
Unspecific adsorption to glass portions of the substrate was successfully prevented 
using a protein-repellent polyethylene glycol (PEG) layer. By subsequent removal of 
this passivation layer, additional proteins like for example cell adhesion molecules can 
be incorporated into the substrate by adsorption. 
Additionally to the role of cell adhesion molecules in directing the in vitro 
differentiation of neural stem cells, their role in supporting axonal outgrowth was also 
investigated. For this, substrates uniformly coated with laminin or fibronectin, as well 
as nanopatterned substrates of fibronectin-derived integrin-binding tripeptide RGD  
were investigated.  
!
1.2! Visualization!of!the!developing!nervous!system!
The ability to genetically encode fluorescence by using green fluorescent protein (GFP) 
has become a powerful tool for the visualization of structures within an organism in 
vivo given its ability to generate substrate-free light emission. In the context of neural 
development, several transgenic mouse lines have been developed to achieve optical 
resolution of individual neurons and outgrowing axons [Hechler, 2006]. Unfortunately, 
none of these is capable of detailed neuron-specific visualization of the entire nervous 
system so far. For this, a system for the non-invasive visualization of the embryonic 
nervous system was developed by using a transgenic mouse line that expresses high 






During mammalina embryonic development, neural stem cells, also referred as neural 
progenitor cells (NPCs), give rise to the three main cell-types of the central nervous 
system: neurons, oligodendrocyes and astrocytes [Temple, 2001; Doetsch, 2003]. This 
process takes place mainly in the region narrow the brain’s ventricles, called the 
ventricular zone. NPCs in this region extend morphologically towards the surrounding 
brain by growing long processes, and are therefore often referred to as „radial glia“. 
These processes also facilitate the migration of newborn neurons outside of this 
proliferative niche towards the brain mantle regions [Campbell, 2002]. Besides certain 
stem cell regulatory proteins and growth factors present in this region, certain 
extracellular matrix components have been identified to play an important role in the 





Figure 1. Neurogenesis in the developing embryonic brain. Radial glia cells give rise to 
newborn neurons directly by assymetric cell division or indirectly by the generation of 
intermediate progenitor cells (nIPCs). Later in development, oligodendrocytes are also 
generated from radial glia through intermediate progenitor cells (oIPC). Newborn neurons 
and nIPCs migrate into outer layers for differentiation and maturation, increasing brain 
thickness and elongating randial glia cells. During the end of embryonic development, most 
radial glia cells detach from the ventricular zone and differentiate into astrocytes. [Kriegstein 






Cell-cell and cell-matrix interactions constitute an essential support for the architecture 
of multicellular tissues and organisms. These interactions underlie the phenomenon of 
cellular adhesion. Cell-adhesion is defined as the adhesive interaction of cells among 
each other as well as the adherence of cells to an extracellular matrix (ECM) [Alberts, 
2002]. Cellular adhesion plays a central role on the development of multicellular organs 
and tissues. The basic interactions on these processes are mediated by a set of cell 
adhesion molecules, abbreviated as CAMs. These molecules consist mostly of 
modularly assembled glycosylated transmembrane proteins. Interactions between these 
proteins and various motifs in their extracellular environment therefore allow cells to 
form anchoring connections between a substrate and their cytoskeleton. Mostly, these 
interactions occur between CAMs of the same class or between CAMs and molecules 
of the ECM. CAMs can be classified in five different groups: Integrins are αβ 
heterodimeric transmembrane proteins and play a key role in mediating cell-adhesion to 
the ECM. Cadherins constitute a calcium-dependent class of CAMs that mainly provide 
cell-cell adhesion by homophilic interaction. Selectins are a family of heterophilic 
CAMs that form calcium dependent adhesive interactions with glycosylated proteins. 
These proteins mainly provide short cell-cell adhesive interactions. Immunoglobulin-
superfamily CAMs (IgSF CAMs) can bind to either different Integrins or IgSF CAMs. 
Mucins-like CAMs belong to a large family of highly glycosilyted proteins. Membrane-
anchored Mucin-like CAMs may establish cell-cell interactions with Selectins. Other 






Figure 2. Major families of cell adhesion molecules (CAMs). [Lodish, 2000]. 
 
Adhesive interactions between cells and the ECM constitute an essential mechanical 
and functional support. In animal tissues, this matrix layer consists mostly of collagen 
fibers, proteoglycans, and adhesive matrix proteins. The ECM furthermore organizes 
cellular tissue architecture and plays an essential role in cell-migration, tissue-growth 
and proliferation [Lodish, Berk, Zipursky, Matsudaira, Baltimore, & Darnell, 2000].  
Cell-matrix interactions are primarily mediated by binding of Integrins to fibronectin, 
laminin, collagen, and other matrix proteins. Integrins are heterodymeric proteins 
consisting of an alpha and a beta chains. The different isoforms of these both chains 
determine the ligand-binding affinity of Integrins to different molecules. Furthermore, 
Integrins contain a beta-2 chain that enables them to bind to CAMs of the Ig 
superfamily and thereby mediate cell-cell adhesion. Cellular attachment via Integrins is 
mediated in two types of stable junctions: In focal adhesions, Integrins establish 
anchoring connections between the ECM and the cell’s cytoskeleton via actin and 
numerous additional proteins. Hemidesmosomes constitute a second type of cell-matrix 
connection, in which Integrins mediate anchoring of intermediate filaments to the basal 
lamina via plectins. Alternatively to Integrins, Heparan sulfate proteoglycans also 













In the neurogenic regions of the developing and adult brain, the proliferation, 
maintenance, differentiation and migration of neural stem cells has been demonstrated 
to be regulated by extracellular matrix components in addition to stem cell regulatory 
proteins. Furthermore, evidence indicates that the underlying mechanism for this is 
based on the regulation of growth factor responsiveness by β1 integrin-mediated 
sensing of the ECM in neural stem cells [Campos, 2005].  
During cortical development the localization of laminin and firbonectin is restricted to 
different brain regions. While laminin is expressed early in the ventricular zone, 
fibronectin is located across the surrounding cortex. In addition, gradients of fibroblast 
growth factor and endothelial growth factor show the highest concentration in the 
ventricular zone, decreasing towards cortical regions. Together, the varying ECM 
composition and growth factor exposure is suggested to act combined in modulation 
neural stem cell proliferation, survival, migration and differentiation [Campos, 2005]. !
!
Figure 4. During neurogenesis, β1 integrins are required for various processes: (1) extension 
and anchorage of radial glia cells, (2) anchorage to the ventricular zone surface (orange), (3) 
proliferation and maintenance, (4) migration of newborn neurons along radial glia cells into 








The Notch signaling pathway constitutes one of the fundamental signaling pathways in 
vertebrates. Its functions range from early embryogenesis to homeostasis on adult 
organisms. The functions of notch signaling in diverse cellular systems have been 
reviewed extensively over the past years [Artavanis-Tsakonas, 1999; Maillard, 2005; 
Yoon & Gaiano, 2005; Chiba, 2006]. In the following section, the principal components 
of the notch pathway shall be introduced. 
In mammalians, four different Notch receptors (Notch 1-4) and five structurally similar 
ligands (Delta-like 1,-3,-4 and Jagged 1 and -2) have been described. Notch exists as a 
heterodimeric transmembrane receptor consisting of one transmembrane and one 
cleaved extracellular subunit. The extracellular portion of Notch mainly consists of 
EGF-like tandem repeats, which bin to DSL (Delta-Serrate-Lag2) ligands. The Notch 
ligands Jagged-1 and -1 are Serrate-homologs, while Delta-1, -3, and -4 are 
homologous to Delta. These ligands are single-pass transmembrane proteins and consist 




Figure 5. Protein strucutre of Notch receptors and its ligands [Wang, 2011]. 
 
Upon activation of Notch by ligand-binding, proteolytic two sequential cleavage events 
(by the NF-α-converting enzyme metalloprotease, and the γ-secretase presenilin, 
respectively) leads to relocation of its intracellular domain, also known as NICD (Notch 
intracellular domain), to the cell nucleus where it acts as a transcription factor. There, 
NICD binds to members of the CSL/RBP-J (CBF1, Supressor of Hairless, and Lag1) 
family of helix-loop-helix transcriptional factors together with additional accessory 
proteins (like the coactivator Mastermind)), turning this complex into a transcriptional 
activator. The best defined target of this complex is the HES (Hairy/Enhancer of Split) 
family of basic helix-loop-helix transcription factors, which then regulate the activity of 





Notch signaling is modulated by many different extracellular, cytoplasmatic, and 
nuclear proteins. The extracellular protein Fringe, for example, regulated ligand 
specificity so that only Delta-like ligands, but not Serrate-like ligands, may initiate 
signaling. The cytoplasmatic regulators include Numb and Deltex, which act as an 




Figure 6. Schematic representation of the Notch signaling pathway in developing neural 
stem cells. Ligand-receptor interaction leads to cleavage of the Notch receptor by the γ-
secretase followed by release of the intracellular domain (NICD). This domain translocates 
to the cell nucleus forming a complex with CBF1 and Mastermind (MAML) and acts as a 









In the developing central nervous system, multiple roles have been suggested for Notch 
signaling in the regulation of neural stem cell differentiation. Notch activation has long 
been demonstrated to be essential for preserving the neural progenitor cell pool mainly 
by inhibiting differentiation towards neuronal lineages and promoting self-renewal. 
Additionally, Notch signaling has been shown to trigger the differentiation of glial cells 
towards astrocytes [Wang, 2000; Gaiano & Fishell, 2002; Yoon & Gaiano, 2005]. 
Additionally, Notch signaling has been suggested to be involved in the maturation of 
newborn neurons. Receptor activation has been demonstrated to play a regulatory role 
in regulating dendritic development by promoting branching and inhibiting growth 
[Redmond, 2000; Sestan, 1999; Franklin, 1999].!!
!
Figure 7. Notch signaling in neural stem cell differentiation. Processes likely to require or 
involve Notch pathway activation are highlighted in green, whereas those likely to involve 



















Gold nanopatterned glass substrates were prepared as has been described in literature 
[Glass, 2003]. The general preparation procedure consists of the preparation of a 
micellar solution, loading of the micelles with a gold metal-precursor salt, and transfer 
of a monomicellar film to a solid glass coverslip by dipcoating.  
5.1! Block!copolymer!micelle!nanolithography!
Block copolymer micelle nanolithography constitutes a bottom-up approach for the 
generation of patterned gold nanocluster arrays on solid inorganic surfaces [Glass, 
2003]. The basic principle of this method relies on the self-organization process of 
amphiphilic micelles loaded with gold salt on a solid support forming a uniform 
monomicellar film. For this, a solution consisting of polystyrene-b-poly[2-
vinylpyridine(HAuCl4)] diblock copolymer micelles is used. By reduction of HAuCl4 
contained in the hydrophilic micellar core, solid Au-nanoparticles are formed. A 
micellar monolayer is deposited on a solid substrate such as a glass coverslip or a 
silicon wafer by dip-coating (Figure 8). Evaporation of the solvent and capillary forces 
cause the micelles to arrange in a tightly packaged hexagonal pattern as the substrate is 
retracted from the solution. Subsequent oxygen, hydrogen or argon gas plasma 
treatment of the coated substrate causes entire removal of the polymer and deposition of 
the gold particles onto the surface. The distance between the resulting gold nanoclusters 
is defined by the geometry created by the packing of the micelles. Thus, the gold-
nanoparticle interdistance of the resulting pattern can be controlled by altering the 
polymer size. Furthermore, the size of the resulting gold nanoparticle can be adjusted 
according to the size of the polyvinylpyridine fragmet of the copolymer and the amount 
of HAuCl4. Another parameter with which the pattern formation can be influenced is 
the velocity at which the substrate is pulled out of the micellar solution. This affects the 
thickness of the evaporating solvent film, and thus the packing density of the micelles. 
Higher dragging velocities therefore result in more densely packed monomicellar films. 
Materials!and!Methods!
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By using different copolymer composions, interparticle distances ranging from 25 to 
200 nm can be achieved with this technique. !
!
Figure 8. Block copolymer micelle nanolithography. Left figure: Schematic representation of 
the preparation of gold nanopatterned arrays using block copolymer micelle nanolithography. 
Right figure: (a,b,c,d) Scanning electron micrograph of gold nanostructures with different 
spacing prepared using different block copolymers. (e) Side view transmission electron 






In a first step, the glass coverslips later employed as substrates for the deposition of 
nanopatterned gold clusters were treated in peroxymonosulfuric acid (H2SO5). This 
highly oxidative environment yields a highly hydrophilic glass surface as required for 
the subsequent dipcoating procedure of the prepared hydrophobic micellar solution. For 
this, glass coverslips were placed in a Teflon holder within a glass beaker and one 
volume of hydrogen peroxide (H2O2) was added, followed by the careful addition of 
two volumes of suplhuric acid (H2SO4). The reaction mixture was allowed to stand at 
room temperature for 1 hour. Afterwards, the glass coverslips were washed in deionized 
water, sonicated for 15 min, followed by washing and sonication in Millipore water. 
Clean coverslips were stored in Millipore water and dried in a nitrogen stream 
immediately before usage. 
 
H2O2 + H2SO4 ⇌ H2SO5 + H2O 
Scheme 1. Preparation of peroxymonosulfuric acid (Caro’s caid) 
!
5.3! Preparation!of!micellar!solutions!
A micellar solution of Polystyrene(x)-block-poly(2-vinylpyridine)(y), PS(x)-b-P2VP(y), 
was prepared by solubilization of the polymer in toluene. For this, a glass vial cleaned 
in Caro’s acid was used and the solution was left to stir for twenty-four hours at 4°C. 
After complete solubilization, HAuCl4 is added to the solution followed by stirring in 
the dark for twenty-four hours at 4°C. The molar amount of HAuCl4 added is calculated 
relative to the total number of P2VP units in the solved polymer, defined as the micellar 






Equation 1. Micellar loading 
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After complete solubilization of the added HAuCl4, the gold-loaded micellar solutions 
were stored in the dark and under constant stirring at 4°C. The different PS(x)-b-
P2VP(y) polymers, as well as the respective concentrations and micellar loading values 
used, are summarized in Table 1. 
 
Table 1. Parameters used for preparing the different PS-b-P2VP copolymer solutions 
Polymer 240 1056 989 2074 
PS units 240 1056 989 2074 
P2VP units 143 495 495 571 
MW - PS units 25.000 110.000 103.000 216.000 
MW - P2VP units 15.000 52.000 52.000 60.000 
Concentration 10 mg/ml 10 mg/ml 10 mg/ml 2 mg/ml 
Micellar loading 0.5 0.5 0.5 0.3 !!
!






Glass coverslips cleaned in peroxymonosulfuric acid were dipcoated at a constant speed 
of 12 mm/min in the prepared gold-loaded micelle solution by using a custom-made 
dipping machine. After dipcoating, the prepared samples were left to dry on air. 
 
5.5! Plasma!treatment!of!dipcoated!glass!substrates!
Dipcoating of the glass substrates was followed by a hydrogen plasma process to 
remove the polymer film and leading to deposition of the gold nanoclusters from the 
micellar cores on the glass surface. Plasma treatment was performed using 0.4 mbar 
hydrogen at 150 Watts for 45 min. Subsequently, the completed gold nanopatterned 
substrates were employed for further bio-functionalization or were analysis under the 
scanning electron microscope. 
 
5.6! Characterization!by!scanning!electron!microscopy!
In order to determine the pattern order, spacing and overall quality of the prepared gold 
nanopatterned structures, these were analyzed by scanning electron microscopy. The 
coverslips to be analyzed were coated with a thin layer of graphite in order to make the 
surface conductive. Scanning electron micrographs were taken at four different position 
of the sample at 10.000 and 50.000 –fold magnification. All images were taken using a 
Carl Zeiss LEO 1530 Gemini scanning electron microscope using the in-lens detector. 
The average gold nanocluster interdistance of the prepared substrates was calculated by 
digital image processing using a custom ImageJ plugin (The National Institute of 







Glass coverslips treated with peroxymonosulfuric acid were activated in oxygen plasma 
(150W, 0.4 mbar) for 15 min. Immediately after plasma treatment, the samples were put 
on top of a 30 µl droplet of typically 1-10 µg/ml protein solution on parafilm and 
incubated for 1 hour at room temperature. Finally, glass coverslips were washed three 
times in sterile PBS for 5 min and directly used for experiments.  
 
6.2! Passivation!of!glass!substrates!using!PLLDgDPEG!
The inhibition of unspecific protein adsorption during the functionalization of gold 
nanopatterned glass substrates, as well as during cell experiments where unspecific 
interactions with the substrate between gold nanoparticles aren’t desired, is of critical 
importance in this work. For this, coating of the substrate with polyethylene glycol 
(PEG) was used to prevent unspecific protein binding to the surface [Lee, 1989; Desai, 
1991]. Furthermore, the application of PEG-based protein repellent surfaces in cell 
culture has also proven to successfully hinder cell attachment [Chen, 1997]. 
The protein-repellent properties of high molecular weight PEG in water can be 
explained according to theoretical models. According to the ‘steric repulsion model’ 
[Jeon et al., 1991], protein repellence results from the unfavorable change in free energy 
necessary for the dehydration and confinement of PEG chains with high conformational 
freedom. Furthermore, the dense packaging of PEG chains on a substrate has been 
postulated to contribute to this repulsive effect by the formation of polymeric brushes 
[Zdyrko et al., 2004]. These protein repellent properties have also been reported for 
short oligoethylene glycol (OEG) coated surfaces [Prime, Whitesides, 1991] with a 
6! Substrate!functionalization!techniques!
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restricted length. Because of the resulting restricted conformational freedom of OEG, 
alternative mechanisms have been described for accounting their protein repellent 
properties [Feldmann et al., 1999]. 
Glass substrates were passivated by using poly-L-lysine grafted polyethylene glycol 
(PLL-g-PEG) [Huang et al., 2001; Heuberger et al., 2005]. Immobilization of PEG on 
the glass substrate is achieved by the electrostatic interaction of the negatively charged 
glass surface and the positively charged poly-L-lysine grafted to PEG. A further 
advantage of this passivation method is that due to the electrostatic nature of the 
interaction between PLL-g-PEG and glass, it can be removed by incubation in PLL 
solution. This can be of particular interest for the preparation of nanopatterned protein 
arrays featuring additional adhesive cues as featured in this work. 
!
6.2.1! PLLDgDPEG!passivation!protocol!
Glass substrates were first activated in oxygen plasma (0.4 mbar, 150 Watt) for 15 min. 
The activated substrates were then immediately incubated in a 0.1% solution of 
PLL(20)-g[3,5]-PEG(2) (SuSoS AG, Dübendorf, Switzerland) in HBS (pH 7.4) for 40 
min at room temperature. For this, the glass coverslips were placed on top of a 30 µl 
droplet of PLL-g-PEG on parafilm. After incubation, the samples were carefully 





Scheme 2. Chemical structure of Poly(l-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) 




Gold nanopatterned glass substrates prepared as previously described were 
functionalized with cyclic RGD peptides by covalently binding it to the gold 
nanoparticles via a thiol linker. For this, a peptide synthesized by the group of Kessler 
et al. was used [Heckmann, Kessler 2007]. 
Binding of RGD to passivated gold nanopatterned glass coverslips was achieved by 
incubation on top of a 30µl droplet of a 25 µM aqueous RGD solution for 4 hours at 
room temperature. In order to prevent evaporation, the samples were incubated on a 
parafilm strip within a sealed Petri dish. After incubation, the functionalized samples 









The immobilization of proteins using the nickel-nitrilotriacetic acid monothiol 
(NTA)/histidine-tag technology has been broadly applied in biosciences for almost 
three decades now [Porath et al., 1975; Hochuli et al 1987]. One of the most common 
and widespread applications of this system has been the isolation and purification of 
proteins modified at the N- or C terminus by the addition of a series of histidine 
residues, called the histidine-tag. The basic principle of this immobilization method 
consists of a metal-coordinative interaction between two terminal histidine residues on 
the protein and a tetravalently chelated Ni2+ ion. The Ni2+ ion is coordinated by three 
carboxyl groups and one nitrogen of the NTA-monothiol, leaving two available 
coordination sites for interaction with histidine residues on the protein to be 
immobilized  (Figure 10). The dissociation constant (KD) of the binding of a 6-fold 
histidine-tagged protein to Ni-NTA has been described to be in the range of 10-13 at pH 
8 [Hainfeld et al., 1999]. This is stronger than most antibody bindings, which typically 
Materials!and!Methods!
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range from a KD of 10-6 to 10-9, but is, however, weaker than the biotin/streptavidin 
interaction (KD = 10-15) [Hainfeld et al., 1999].  
Moreover, this system can be easily adapted to immobilize Fc-fusion proteins to gold 
nanoparticles by using a his-tagged protein A.  
 
!
Figure 10. Schematic representation of a histidine-tagged recombinant protein immobilized to 






In a first step, gold nanopatterned glass substrates passivated with PLL-g-PEG were 
functionalized with monothiol-NTA. For this, the glass slides were incubated on top of 
a 30µl drop of 1 mM monothiol-NTA in pure ethanol for 4 hours at 4°C. In order to 
prevent evaporation of the solvent, the slides were placed within a parafilm-sealed Petri 
dish. After incubation, the slides were washed in Millipore water and equilibrated in 
HBS (Table 2) for 15 minutes. Subsequently, the samples were transfer to a 10 mM 
NiCl2 solution (Table 3) in HBS and incubated for 15 minutes. After washing with HBS, 
the coverslips were then incubated on top of a 30 µl drop of protein solution in PBS for 
4 hours at room temperature. Typically, protein concentrations ranging from 1 to 10 
µg/ml were used for this. Finally, the prepared samples were washed in PBS and used 
immediately for experiments. 
 
Table 2. HBS formulation 
Hepes buffered saline (HBS) 
20 mM HEPES (0.953 g in 200 ml H2O) 
150 mM NaCl (1.753 g in 200 ml H2O) 
adjust pH to 7.4 using 2 M NaOH 
 
Table 3. NiCl2 solution formulation 
NiCl2 solution 
10 mM NiCl2 (0.506 g NiCl2 x 6H2O 







Immobilization of recombinant Delta-like ligand 1 was carried out in a similar fashion 
as described in Chapter 6.4.1 with the following modifications. Passivated gold 
nanopatterned substrates functionalized with monothiol-NTA as previously described 
were functionalized with his-tagged Protein-A (Abcam) by incubation on a 10µg/ml 
droplet on parafilm for 4 hours at room temperature. After incubation, samples were 
washed three times in PBS, followed by incubation with Delta-like ligand 1 (1 µg/ml, 
R&D Systems) for 4 hours at room temperature. Finally, the samples were washed in 





N-cadherin recombinant protein consisting of the extracellular domain of human N-
cadherin (Met1 – Ala724) fused to the 6-fold histidine-tagged Fc region 
of human IgG1 via a polypeptide linker (R&D Systems 1388-NC). 
Jagged-1 recombinant protein consisting of the extracellular domain of rat Jagged-
1 (Met1 – Asp1068) fused to the 6-fold histidine-tagged Fc region of 
human IgG1 via a polypeptide linker (R&D Systems 599-JG). 
Jagged-2 recombinant protein consisting of mouse Jagged 2 (Met27 – Lys1084) 
fused to a mouse IgG2A (Glu98 – Lys330) fragment via a polypeptide 
linker (R&D Systems 4748-JG). 
Dll-1 recombinant protein consisting of mouse delta like 1 (Ser22 – Gln516) 
fused to a mouse IgG2A (Glu98 – Lys330) fragment via a polypeptide 
linker (R&D Systems 5026-DL). 
Dll-4 fusion protein of the extracellular domain of human delta like ligand 4 
(Dll-4, Met 1 – Pro 524) tagged with polyhistidine at the 
carboxyterminus (R&D Systems 1506-D4). 
AcGFP his-tagged recombinant green fluorescent protein (GFP)-like protein 
version derived from Aequorea coerulscens. The protein was kindly 
provided by Dr. Tobias Wolfram. 
DsRed his-tagged recombinant red fluorescent monomeric protein derived from 










In addition to the immobilization of his-tagged proteins to nanopatterned substrates via 
Ni-NTA as previously described, these structures can be further functionalized by the 
incorporation of additional proteins in between the gold nanoparticles. For this, the 
protein-repellent PEG layer used to prevent unspecific protein adsorption on the glass 
substrate during the previous functionalization steps needs to be removed. This can be 
achieved by using a non-covalent PLL-g-PEG passivation, which can be subsequently 
removed from the glass surface by exchange with low molecular weight poly-L-lysine. 
After exchange of the electrostatically bound PEG layer with PLL, additional proteins 
can be incorporated on top of the PLL layer. By the introduction of proteins with cell-
adhesive features like fibronectin or gelatin, a cell-supporting background can be 
achieved regardless of the adhesive features of the his-tagged proteins immobilized on 
the gold nanoparticles. This is of particular interest when assaying cellular behavior 
induced by immobilized signal proteins with poor or none adhesive functions. On a 
protein-repellent background, these ligands alone would insufficiently support cell 
adhesion, especially at higher interparticle distances. 
 
6.5.1! Protocol!
PLL-g-PEG passivated glass gold nanopatterned coverslips were functionalized with 
his-tagged proteins as previously described. After complete functionalization, the 
samples were incubated in a 0,1 mg/ml PLL solution over night at 4°C. Subsequently, 







Figure 12. Schematic representation of the preparation of nanopatterned protein-
functionalized substrates with additional cell-adhesive cues. A PLL-g-PEG passivated glass 
substrate is functionalized with a signaling protein via Ni-NTA. After exchange of the 
exchange of the electrostatically bound PLL-g-PEG by low molecular weight poly-L-lysine, a 






PEG-passivated gold nanopatterned glass coverslips were functionalized with his-
tagged N-cadherin, Jagged-1 and Dll-4 via Ni-NTA as previously described. The 
prepared samples were then incubated with the primary antibody (Table 4) diluted 
1:100 in PBS containing 1% BSA for 2 hours at room temperature. Subsequently, the 
samples were washed with PBS and blocked by incubation in 2% BSA for 10 minutes. 
After washing with PBS, the coverslips were incubated with a fluorescently-labeled 
secondary antibody diluted 1:200 in PBS containing 1% BSA for 1 hour at room 
temperature. Finally, the samples were washed in PBS followed by washing in 
Millipore water, and subsequently mounted with an aqueous mounting medium and 
examined by fluorescence microscopy. 
 
 
Table 4. Primary and secondary antibodies for immufluorescent labeling of immobilized his-
tagged proteins 
 Primary antibody Secondary antibody 
Jagged-1 mouse monoclonal (IgG1), against 
the extracellular domain of rat 
Jagged-1 (R&D Systems) 
donkey anti-mouse, Alexa 
Fluor 488 conjugated 
(Invitrogen) 
Dll-4 Rat monoclonal (IgG2A), against the 
extracellular domain of human Dll-4 
(R&D Systems) 
donkey anti-rat (H+L), Alexa 









Neurospheres were prepared from the lateral ganglionic eminences of embryonic day 
(E) 15,5 mouse embryos as described in [Gritti, 2001; Shakèd, 2008]. For this, pregnant 
females from the wildtype mouse lines CD-1 and C57BL/6J, as well as transgenic 
animals from the M22 mouse line were used. Embryos were dissected in 1X PBS on ice 
and brains were removed. Subsequently, the hemispheres were separated and the medial 
ganglionic eminences were removed using fine forceps. Cells were then mechanically 
dissociated by repeated pipetting with a fire-polished Pasteur pipette and plated out in 
cell culture flasks at 120,000 cells per ml in neurosphere medium (Table 5). 
Neurospheres were cultured in suspension at 37°C and 5% CO2 for seven days. After 
four days in culture, one volume of neurosphere growth medium was added. 
 
Table 5. Neurosphere growth medium formulation !
Neurosphere growth medium 
1 volume Ham’s Nutrient Mixture F12 (Sigma Aldrich)  
1 volume Dulbecco’s Modified Eagle Medium (Invitrogen) 
1X B27 Supplement (Invitrogen) 
20 ng/ml human EGF (Sigma) 
10 ng/ml human bFGF (R&D Systems) 





For the in vitro differentiation of neural stem cell cultures, neurosphere cultures grown 
for seven days were used. Neurospheres were first collected by centrifugation for 5 
minutes at 200 g, followed by mechanical dissociation using a fire-polished Pasteur 
pipette. Dissociated neurospheres were then plated out at approximately 25,000 cells 
per mm2 using neurosphere differentiation medium (Table 6). After 3 days of 
incubation, the medium was exchanged by neurosphere differentiation medium without 
bFGF.  
Table 6. Neurosphere differentiation medium formulation 
Neurosphere differentiation medium 
1 volume Ham’s Nutrient Mixture F12 (Sigma Aldrich)  
1 volume Dulbecco’s Modified Eagle Medium (Invitrogen) 
1X B27 Supplement (Invitrogen) 
1% fetal calf serum (Invitrogen) 
10 ng/ml human bFGF (R&D Systems) 




Differentiated neural stem cell cultures were fixed using 4% paraformaldehyde for 15 
minutes at room temperature. Subsequently, cultures were carefully washed in PBS and 
blocked 1h at room temperature using 1% bovine serum albumin, 0,5% native goat 
serum and 0,25% Triton X-100 in PBS. Cell cultures were then incubated with anti-beta 
tubulin III (TuJ1, 1:1.000, mouse monoclonal, Covance) or anti-Nestin (1:200, mouse 
monoclonal, Cell Signalling) in blocking buffer without Triton over night at 4°C. After 
washing slides 3 times with 1X PBS, samples were incubated with secondary antibody 
(Alexa-Fluor 488 goat anti-mouse, 1:1000). Subsequently, the slides were stained with 
DAPI (2,5µg/ml) and washed three times with PBS before mounting for fluorescence 






Dorsal root ganglion (DRG) explants were prepared from embryonic day (E) 13,5 
wildtype mice by dissection and incubated on nanopatterned substrates over night at 
37°C, 5% CO2. Axon outgrowth promoting medium containing 10nM NGF (nerve 
growth factor), 10nM BDNF (brain-derived neurotrophic factor) and 10nM NT-3 
(neurotrophin-3), 10%FCS in DMEM was used.  
 
7.2.2! Fluorescence!microscopy!
Dorsal root ganglion cultures were fixed using 1% paraformaldeyhde with 1% sucrose 
in PBS for 1h at room temperature. Subsequently, cultures were carefully washed in 
PBS and blocked 1h at room temperature using 1% bovine serum albumin, 0,5% native 
goat serum and 0,25% Triton X-100 in PBS. The cultures were then incubated with 
TUJ1 (1:1.000, mouse monoclonal, Covance) in blocking buffer without Triton over 
night at 4°C. After washing slides 3 times with 1X PBS, samples were incubated with 
secondary antibody against TuJ1 (Alexa-Fluor 488 goat anti-mouse, 1:1000) and Alexa-
Fluor 594 Phalloidin (160nM, Invitrogen) for 1h at room temperature. Subsequently, 
the slides were stained with DAPI (2,5µg/ml) and washed three times with PBS before 






The number of cells per volume after resuspension was determined by visually counting 
using a Neubauer cell counting chamber (Carl Roth GmbH, Germany). For this, 10 µl 
of the cell suspension were diluted 1:10 in D-MEM containing 0.05% Trypan blue and 
incubated for five minutes. A small volume (10-15µl) was then pipetted between the 
counting chamber and the enclosing glass slide, and cells were then counted for four 
different squares of the chamber by phase contrast microscopy. Dead cells labeled by 
Trypan blue were discarded while counting. The average number of counted for all 
squares multiplied by a factor of 10.000 (derived from the chamber’s dimensions) 




Semi-confluent cell cultures were first washed with PBS and trypsinized followed by 
centrifugation at 1000 rpm for 5 min at room temperature. After aspiration of the 
supernatant, the cell pellet was resuspended in cryogenic medium (20% FCS, 10% 
DMSO) and transferred to a freezing container and allowed to equilibrate to -80°C over 
night before final transfer to liquid nitrogen storage. 
 
7.5.2! Thawing!cells!
Thawing of cell vials stored in liquid nitrogen was achieved by incubation of the frozen 
vial in a 37°C water bath for one minute. Immediately after this, the vial pipetted into 
10 ml of pre-warmed growth medium and centrifuged at 1000 rpm for 5 minutes. 
Subsequently, the supernatant discarded and the cell pellet was resuspended in pre-
warmed growth medium. Finally, the resuspended cells were counted and plated out at 






All animal experiments were conducted in compliance with the regulation of the state 
of Baden-Württemberg, Germany. Mouse embryos (Mus musculus domesticus) of four 
different mouse lines were used in this work for cell and tissue culture experiments and 
imaging. 
 
Table 7. Mouse lines used in experiments. 
mouse line description application source 
CD-1 DRG cultures 
Neurosphere cultures 
Charles River Laboratories 
Sulzfeld 
 
C57BL/6J Neurosphere cultures Charles River Laboratories 
Sulzfeld 
 




Dr. Kerry L. Tucker group,  
IBF Heidelberg 




Yves-Alain Barde, Basel 








The neuron-specific expression of EGFP in the M22 mouse line was characterized by 
quantification of EGFP expression via Western Blot, as well as by investigating 
fluorescence specificity by immunohistochemistry using neuron-specific markers. 
Additionally, the procedures for obtaining time-lapse imaging series as well as 3D 
models of whole embryos as described in this chapter. 
 
9.1! Western!Blotting!of!EGFP!!
Whole brain lysates were prepared from embryonic day (E) 16.5 TauGFP-/-, TauGFP+/-, 
M22-/-, and wildtype embryos as described in [Willaredt, 2008]. Protein extracts were 
separated in 12.5% polyacrylamide gels and subsequently transferred onto a 
polyvinylidene fluoride membrane (Millipore). After blocking for three hours at room 
temperature in 5% milk powder in TBST (50 mM Tris HCl, 150 mM NaCl, 0.1% 
Tween 20, pH 7.4), the membranes were incubated overnight at 4°C with an anti-GFP 
antibody (rabbit polyclonal, Clontech; 1:10.000 in blocking buffer), followed by 
incubation with an HRP-conjugated anti-rabbit antibody (1:10.000 in blocking buffer, 
antibody kindly provided by Andrea Schlicksup) for 30 minutes at room temperature. 
Detection of alpha-actin as a loading control was achieved by incubation with HRP-
conjugated anti-rabbit antibody (Sigma; 1:500.000 in blocking buffer) for one hour at 
room temperature. Following incubation with respective anti-sera, the membranes were 
washed three times in TBST followed by one wash in TBS (50 mM Tris HCl, 150 mM 
NaCl, pH 7.4) before incubation with HRP substrate (GE Amersham, ECL Plus) for 
five minutes at room temperature. Subsequently, the immune complexes were detected 




Cryosections were first blocked and permeabilized for 1h at room temperature using 
1% bovine serum albumin, 0,5% native goat serum and 0,25% Triton X-100 in 1X PBS. 
The sections were then incubated with TUJ1 (1:2.000, mouse monoclonal, Covance) in 
blocking buffer without Triton over night at 4°C. After washing slides 3 times with 1X 
PBS, samples were incubated with antisera against TUJ1 (goat anti-mouse AlexaFluor 
555, 1:1000) and EGFP (1:1000, rabbit polyclonal, Clontech) for 1h at room 
temperature. Subsequently, the slides were stained with DAPI (2,5µg/ml) and washed 
three times with 1X PBS before mounting for fluorescence microscopy (Aqua 
Polymount, Polysciences Europe). 
 
9.3! TimeDlapse!imaging!
Recording of time-lapse series was performed using a DeltaVision imaging system 
(Applied Precision Inc., Issaquah, WA, USA) on an Olympus IX inverted microscope 
(Olympus, Hamburg, Germany) with a custom-built incubator chamber. Time-lapse 
series of neuronal stem cell cultures prepared as described in chapter 7.1 were captured 




In order to obtain 3D models of GFP fluorescence in whole embryos, light sheet 
fluorescence microscopy (LSFM) stacks were recorded in 10µm z-steps. For this, 
spepcimens were fixed in 4% paraformaldehyde followed by dehydration using either 
1-propanol or t-butanol. Finally, clearing of the samples to achieve a more 
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homogeneous refractive index throughout the specimen, was achieved by treatment 
with BABB (benzyl alcohol – benzyl benzoate, 1:2 ratio) 1. 
Fluorescence emission was captured using 488nm and 514nm excitation wavelength 
and a 510nm-540nm band-pass filter, allowing for discrimination of crosstalk between 
channels. The collected image sequences were then loaded as image stacks using 
ImageJ (The National Institute of Health (NIH)) and assigned to different color 
channels using the RGB merge function (488nm: green channel; 514nm: blue channel). 
Finally, 3D projections of merged stacks were calculated using brightest point 
projections in one degree angle increments rotated along the y-axis. !
! !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Recording of LSFM stacks, dehydration and clearing of specimens performed by Dr. Günter 

















Gold nanostructures prepared by diblock-copolymer micelle nanolithography as 
described in Chapter 5 were used as a basic platform for the preparation of 
biofunctional nanopatterned substrates presented in this work.  
The resulting nanoscale geometry of these substrates was characterized by scanning 
electron microscopy. Protein binding via a gold-thiol bound NTA linker was assayed by 
direct binding of fluorescenent proteins as well as immunofluorescent detection using 
antibodies targeted against the immobilized proteins. Additionally the protein-repellent 
properties of the polyethylene glycol layer as well as the removal of this layer as 
required for rendering this substrates cell-adhesive was assayed by binding of 




The prepared gold nanopatterned substrates used in this work were characterized by 
scanning electron microscopy (SEM) analysis. For this, scanning electron micrographs 
were captured at 50.000-fold magnification and geometrical properties were quantified 
as previously in Chapter 5.6. Nanostructures with an average interparticle spacing of 
40nm, 60nm, 90nm and 135nm were obtained by using different polymers and dragging 
velocities (Table 8). This corresponds to an approximate range of 726 down to 58 
particles per square µm. The detailed results obtained for all nanostructures are 
summarized in Table 8. Scanning electron micrographs of the obtained nanostructures 




Table 8. Average gold nanoparticle interdistances of the obtained nanostructures determined 
by using different polymer compositions. The standard deviation of the corresponding 
average interparticle distance, as well as the calculated order parameter is shown. (f) fast 
dragging velocity; (s): slow dragging velocity. !
polymer interparticle spacing surface density order parameter 
PS 240 P2VP 143 39 ± 6 nm  726 ± 27 µm-2 0.61 
PS 1056 P2VP 495 (s) 59 ± 8 nm 347 ± 18 µm-2 0,62 
PS 1056 P2VP 495 (f) 87 ± 11 nm 134 ± 4 µm-2 0,69 
PS 989 P2VP 495 (s) 57 ± 9 nm 343 ± 7 µm-2 0,59 
PS 989 P2VP 495 (f) 88 ± 12 nm 136 ± 5 µm-2 0,68 
PS 2074 - P2VP 571 135 ± 22 nm 58 ± 10 µm-2 0,59 
    
 
!
Figure 13. Scanning electron micrographs of gold nanopatterned glass substrates prepared by 
micelle nanolithography using different polymer compositions and dipping velocities. (A) 
PS240-P2VP143 polymer. (B) PS2074-P2VP571 polymer. (C) PS1056-P2VP495 polymer, 
high dragging velocity. (D) PS1056-P2VP495 polymer, low dragging velocity. (D) PS989-
P2VP495 polymer, high dragging velocity. (E) PS989-P2VP495 polymer, low dragging 








In order to visualize the specific immobilization of proteins vis Ni/NTA to gold 
nanoparticles on nanopatterned substrates, fluorescently labeled his-tagged proteins as 
well as fluorescently labeled antibodies against his-tagged proteins were used. For this, 
the his-tagged fluorescent proteins AcGFP and dsRed were immobilized to PEG-
passivated nanopatterned substrates as described in chapter 6.4.1 and investigated by 
fluorescence microscopy. Figure 14 shows immunfluorescence microscopy images of a 
40 nm nanopatterned substrate functionalized using these proteins. Fluorescence could 
be detected on regions corresponding to nanopatterned areas of the substrate (Figure 14, 
C) with both proteins. The line of border between the gold nanopattern and bare 
passivated glass resulting from the dipping procedure, can be clearly seen in Figure 14, 
B. Finally, virtually no bound proteins could be observed on the non-nanopatterned 
coverslip area except a few artifacts (Figure 14, A). Together, these observations clearly 
demonstrate the successful immobilization of his-tagged proteins to gold nanopatterned 




Additionally to the direct binding of fluorescently labeled his-tagged proteins, the 
detection of immobilized his-tagged proteins by using antibodies was also demonstrated. 
For this, the his-tagged Notch ligands Jagged 1 and Delta-like 4 (DLL-4) were 
immobilized to gold nanostructures as described in chapter 6.4.1, and then visualized by 
antibody labeling. Similar as shown previously in Figure 14, specific binding of Delta-








Figure 14. Fluorescently labeled gold nanopatterns by his-tagged AcGFP (green) and dsRed 
(red) recombinant proteins immobilized via Ni/NTA. A schematic representation of a 
nanopatterned glass coverslip is shown on the left. Nanopatterns with an interparticle spacing 
of 40nm passivated with PLL-g-PEG were used. (A) Non-nanopatterned coverslip area. (B) 
Nanopattern line of border. (C) Nanopatterned coverslip area. The scale bar corresponds to 20 






Figure 15. Fluorescence microscopy images of immobilized Delta-like ligand 4 (DLL-4) and 
Jagged-1 Notch ligands on nanopatterned substrates. A schematic representation of a 
nanopatterned glass coverslip used for this experiment is shown on the left.. (A) Non-
nanopatterned coverslip area. (B) Nanopattern line of border. (C) Nanopatterned coverslip 








The electrostatic nature of the interaction between poly-L-lysine-graft-polyethylene 
glycol (PLL-g-PEG) and glass, allows for utilizing it as a reversible protein-repellent 
layer. This is accomplished by the adsorption of low molecular weigth poly-L-lysine, 
which then allows for the adsorption of additional proteins as well as cell adhesion. This 
process was demonstrated by the immobilization of a red fluorescent His-tagged protein 
(His-dsRed) on a PLL-g-PEG passivated glass nanopatterned substrate, followed by 
incubation in a solution of low molecular weight PLL. Subsequently, AlexaFluor488-
conjugated Streptavidin was allowed to adsorb to visualize protein adsorption after 
removal of PEG. The resulting fluorescently labeled substrates are shown in Figure 16. 
The immobilization of dsRed to gold nanostructures using a PLL-g-PEG passivation 
yielded a successful immobilization of the fluorescent protein specific to the gold 
nanopatterned area of the sample displaying no fluorescence on bare PLL-g-PEG 
passivated glass areas of the sample (Figure 16, A). Moreover, the successful 
abolishment of protein-repellency mediated by PLL-g-PEG is indicated by the 
adsorption of fluorescently labeled Streptavidin after incubation with low molecular 
weight PLL (Figure 16, B). Fluorescence of immobilized his-dsRed remained unaltered 
after the exchange reaction indicating that the immobilization of His-tagged proteins to 
gold nanoparticles is not compromised by this reaction. A weaker fluorescence signal of 
adsorbed Streptavidin on the nanopattern line of border (Figure 16, f). This effect is 
attributable to the quenching of fluorescent caused by the more densely deposited gold 






Figure 16. Adsorption of fluorescently-labeled Streptavidin after removal of PLL-g-PEG on 
His-dsRed nanopatterned substrates. (A) Immobilized His-tagged dsRed monomeric protein 
on 40nm gold naostructures passivated with poly-L-lysine-grafted polyethylene glycol. (a) 
Nanopatterned coverslip area. (d) Nanopattern line of border. (g) Non-nanopatterned 
coverslip area. (B) Fluorescent images of the same sample after removal of PLL-g-PEG by 
incubation with low molecular weigth PLL and subsequent adsorption of green fluorescent 
Streptavidin-AF488. (b, c) Nanopatterned coverslip area. (e, f) Nanopattern line of border. (h, 





Gold nanopatterned substrates with average interpaticle spacings of 40nm, 60nm, 90nm 
and 135nm were successfully prepared by block copolymer micelle nanolithography 
[Glass, 2003; Glass, 2004]. This technique has been previously applied for the 
investigation of various aspects of integrin function using nanopatterned substrates of 
integrin-binding peptides [Arnold, 2004; Cavalcanti-Adam, 2005; Walter, 2006; 
Cavalcanti-Adam, 2006; Cavalcanti-Adam, 2007; Selhuber-Unkel, 2008; Huang, 2009; 
de Beer, 2010; Selhuber-Unkelm, 2010; Altrock, 2012]. Moreover, the immobilization 
of histidine-tagged proteins to gold nanostructures has also been reportedly applied to 
this method [Wolfram, 2007; Wolfram, 2008; Aydin, 2010]. 
In this work, the specific functionalization of gold nanoparticles with his-tagged 
proteins was demonstrated by direct immobilization his-GFP and his-dsRed monomeric 
protein to PEG-passivated nanopatterned substrates. Additionally, the accessibility of 
the immobilized Notch ligands Delta-like 4 and Jagged-1 was demonstrated by 
antibody recognition of the receptor-binding extracellular domain of these proteins.  
The reversible passivation of protein nanopatterned substrates passivates using PLL-g-
PEG was further demonstrated by adsorption of fluorescent streptavidin to his-dsRed 
protein nanostructures. For this application, 5 different poly-L-lysine solutions of 
different molecular weight were evaluated (Figure 17). Adsorption of fluorescently 
labeled antibodies to PLL-g-PEG passivated glass after incubation over night with PLL 
could be observed using all tested PLL formulations. Nonetheless, most reproducible 
results were obtained using 4000-15000 MW and 30000-70000 MW PLL. Furthermore, 
PLL-g-PEG solution could be re-used two to three times without noticeable 





Figure 17. Adsorption of Alexa488-conjugated anti-mouse antibody to glass coverslips 









A crucial aspect of the Notch-ligand nanopatterned substrates presented in this work is 
their ability to serve as cell substrates by the incorporation of cell adhesion molecules. 
Since the Notch receptor-ligand interaction alone does not sufficiently support cell 
attachment, cell-adhesive cues are required on the substrate. Therefore, the influence of 
different developmentally relevant cell adhesion proteins (N-cadherin, laminin and 
fibronectin) was investigated in comparison to the commonly used polyornithine 




The influence of different cell adhesion molecules on the in vitro differentiation of 
neural stem cells was studied by using glass substrates coated with fibronectin, laminin, 
N-Cadherin and poly-DL-ornithine. For this, glass coverslips were coated using 
10µg/ml  fibronectin, and 20µg/ml laminin, respectively. N-Cadherin substrates were 
first coated using poly-DL-ornithine followed by 1 µg/ml N-Cadherin.  
After 24h in culture, differences in cell morphology, especially cell spreading behavior, 
could be observed by phase contrast microscopy (Figure 18). Cells plated out on 
laminin, fibronectin and N-Cadherin displayed an overall larger cell area in comparison 
to polyornithine substrates. This effect was particularly prominent with N-Cadherin and 
laminin, while cells plated out on fibronectin exhibited less lamellipodia. Phase contrast 
microscopy images showing representative cellular morphology for each substrate 
condition are depicted in Figure 18.   
Quantification of DAPI-stained nuclei of neural stem cell culters after 7 days in vitro 
revealed a two to three-fold increase in cell number on N-Cadherin, fibronectin and 
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laminin in comparison to polyornithine samples, as shown in Figure 20B. Additionally, 
cell nuclei morphology appeared to be affected by the presence of any of these cell 
adhesion proteins, showing a notoriously larger nucleus size and partly irregularly 
shaped in contrast to polyornithine (Figure 20A). 
Furthermore, the percentage of differentiated neurons after 7 days was determined by 
fluorescent labeling of beta-tubulin III (TuJ1 antibody) and nuclei (DAPI). As a result, 
the percentage of in vitro differentiated neurons after 7 days in vitro varied between 20-
25% for all conditions tested (Figure 19). No apparent difference in neuronal 
morphology (number of neurites, branching points, process length) could be observed 




Figure 18.!Phase!contrast!images!of!neural stem cell cultures after 24 hours in vitro. Cultures 
plated out on glass substrates coated with fibronectin (FN), N-Cadherin (N-Cad), laminin 
(LM) and polyornithine (PORN) are shown. Scale bar: 20 µm. !
!
!
Figure 19. Analysis of neuronal differentiation of neural stem cell cultures on glass substrates 
coated with fibronectin (FN), laminin (LM), N-Cadherin (N-Cad) and polyornithine (PORN) 
after 7 days in vitro. Fluorescent labeling of beta-tubuling III was used to identifiy neurons 




Figure 20. (A) Cell nuclei staining (DAPI) of neural stem cell cultures after 7 days in vitro on 
glass coverslips coated with fibronectin (FN), N-Cadherin (N-Cad), laminin (LM) and poly-
DL-ornithine (PORN). Scale bar corresponds to 20 µm. (B) Quantification of cell number. 




Fibronectin and laminin have been shown to successfully activate beta1 integrins in 
neural stem cell cultures [Andressen, 2005]. Furthermore, the activation of beta1-
integrins in neural stem cells has been shown to play an important role in contributing 
to their maintenance [Campos, 2004; Leone, 2005; Blaess, 2004]. Addtionally, loss of 
beta1 integrins has been reported to impair but not completely inhibit neuronal 
differentiation in vitro [Andressen, 1998; Rohwedel, 1998]. Together, these findings 
suggest that the in vitro differentiation of neural stem cells should result in a reduction 
of neurogenesis, in contrast to the results obtained in this work. This is possibly 
resulting from the neural stem cell differentiation conditions used in this work also 
[Shakèd, 2008], which are promoting neuronal differentiation [Sanalkumar, 2010; 
Suzuki, 2010]. However, the observed increase in total cell number in neural stem cell 
cultures differentiated in substrates coated with laminin and fibronectin (as well as N-
Cadherin), in contrast to polyornithine suggests that these molecules may effectively 
promote proliferation in vitro. 
N-Cadherin has also been demonstrates to play a central role in mediating cell-survival 
and proliferation of neural stem cells [Chen, 2006; Marthiens & ffrench-Constant, 
2009; Yagita, 2009; Zhang, 2010; Lelièvre, 2012], also through interplay with beta1 
integrins [Broders-Bondon, 2012]. The increased cell number observed in neural stem 
cell cultured differentiated in the presence of N-Cadherin is therefore presumably 







In the following experiments, the influence of nanopatterned substrates functionalized 
with the Notch ligand Delta-like 1 on the in vitro differentiation of neural stem cell 
cultures was investigated. The focus of this work was to investigate its effect in the 
generation of newborn neurons, early precursor differentiation as well as neuronal size 
and morphology. A general scheme of the experimental procedure followed in these 
experiments is shown in Figure 21. 
!
Figure 21. Schematic representation of neural stem cell in vitro differentiation experiments. 
(A) Extraction of mouse embryonic brain tissue containing neural stem cells. (B) Expansion 
of dissociated neural progenitors (neursospheres) by in vitro culturing using growth factors. 
(C) Neural stem cells are plated out on Notch-ligand nanopatterned substrates. (D) In vitro 
differentiation for 7 days leads to the generation of neurons, oligodendrocytes and astrocytes. !
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The occurrence of unusually enlarged neurons on Delta-like 1 functionalized substrates 
(Figure 22) led us to focus on investigating the effect of this particular Notch ligand on 
neuronal differentiation. This subset of neurons displayed a dramatically increased cell 
body size, axon thickness, length and branching. The results of these experiments are 
shown in the following chapter. !
 
Figure 22. Giant neuron on Dll-1 substrate. Neurons were fluorescently labeled using TuJ1 






The effect of the Notch-ligand Delta-like 1 (Dll-1) on the differentiation of neural stem 
cells was investigated by using nanopatterned arrays with ligand densities of 135 
ligands/µm2 (40nm spacing), 340 ligands/µm2 (55nm spacing) and 735 ligands/µm2 
(90nm spacing). The obtained percentage of differentiated neurons after 7 days in vitro 
varied from  21% to 24% for all substrates. This suggests that nanopatterned Dll-1 
substrates have no significant effect on in vitro neurogenesis under these conditions. 
The obtained results are depicted in Figure 23. 
!
Figure 23. Neurogenic differentiation on 40 nm, 56nm, 90nm nanopatterned and uniformly 
coated Dll-1 substrates after 7 days in vitro. (A) Differentiated neural stem cell cultures after 
7 days in vitro. Scale bar: 100 µm. (B) Quantification of neurogenic differentiation (percent 




Additionally to a possible role of Dll-1 in neuronal differentiation, its effect on the 
morphological aspects of differentiating neurons was investigated. For this, dissociated 
neurosphere cultures were cultured at low density on nanopatterned (56nm and 90nm) 
and adsorbed Dll1 for 7 days in vitro.  The number of neurites as well as neurite branch 
points per neuron was found to be approximately 2 for neurons cultured on 
polyornithine (PORN) control substrates. In contrast, neurons cultured on Dll-1 
substrates displayed an increased number of neurites and branching, although the effect 
was only significant on 56nm substrates (Figure 24). The highest number of neurites 
and branch points per neuron could be observed in 56nm interparticle distance 
nanopatterned Dll-1 substrates, followed by adsorbed Dll-1 and 90nm nanopatterned 
Dll-1 in both cases. 
!
Figure 24. Neuronal morphology of neural stem cell cultures after 7 days in vitro on Dll-1 
nanopatterned substrates. (A) Immunofluorescence images of labeled neurons on poly-l-
lysine (control), adsorbed and nanopatterned (56 nm and 90nm) Dll-1 substrates. Scale bar 
corresponds to 20µm (B) Quantification of average neurite number (left chart) and branch 
points (right chart). Hom Dll1: adsorbed Dll-1 substrates; 56nm Dll1, 90nm Dll1: 
12!Neuronal!differentiation!on!NotchDligand!nanopatterned!substrates!
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nanopatterned Dll-1 substrates; Control: polyornithine (PORN). Data for one representative 
experiment is shown (mean ± standard deviation; *, p<0.05). 
12.4! Effects!of!DllD1!on!neuronal!size!
The common morphology of in vitro differentiated neurons derived from neural stem 
cells cultures on polyornithine or poly-lysine show mostly two or three processes as 
well as a small compact cell nucleus (Figure 25, A). In contrast, as can be seen in 
Figure 22 and Figure 25, a small fraction of giant neurons displaying a far larger cell 
body and increased branching complexity was found when differentiated in the 
presence of Dll-1. Furthermore, these neurons were found to extend over several 
hundreds of micrometers and show a dramatic increase in neurite number, length and 
branching. Although the total number of giant neurons found on Dll-1 substrates was 
found to be very low (Figure 25). This finding could be confirmed on five independent 
experiments using adsorbed Dll-1 as well as four experiments with nanopatterned 
ligand.  
In order to quantify the effect of Dll-1 on neuronal size, cell body area of differentiated 
neurons after 7 days in vitro was compared for Dll-1 and PORN substrates. For this, the 
area surrounding cell nucleus ranging until the first neurite branching points was 
measured and quantified using ImageJ (The National Institute of Health (NIH)). As a 
result, a six–fold increase in cell body area could be determined for the aforementioned 
giant neurons on Dll-1 substrates in comparison to neurons differentiated on 
polyornithine. Moreover, the average neuronal cell body size of all other neurons 
displayed an almost two-fold increase on Dll-1 substrates. The obtained results are 




Figure 25. Effect of Delta-like ligand 1 (Dll1) on neuronal cell body size of in vitro 
differentiated neurons. (A) Neuron derived from neural stem cell culture plated out on Dll 1 
substrates (left) and PORN (right) after 7 days in vitro. Neurons are labeled against beta-
tubulin 3 (green) and cell nuclei using DAPI (blue). Scale bar corresponds to 20 µm. (B) 
Percentage of giant neurons in Dll1 (white bars) and polyornithine (control) samples. The 
white bar on the left corresponds to all neurons on Dll1 substrates excluding giant neurons. 
Average values for five independent experiments are shown (mean ± standard deviation; *, 
p<0.05). (C) Quantification of cell body size for neurons differentiated on Delta-like 1 and 
polyornithine substrates after 7 days in vitro. White bars: Delta-like 1 samples; black: 





The effect of Delta-like 1 ligand density on average neuronal soma size was 
investigated by using two different nanopattern spacings (56nm and 90nm). As a result, 
an increase in soma size was observed on adsorbed and nanopatterned Dll-1 substrates 
in comparison to poly-L-lysine controls (Figure 26). Neurons cultured on poly-L-lysine 
displayed an average cell soma size of 50µm2. In contrast, the average soma size on 
56nm Dll-1 nanopatterned substrates was 120µm2, followed by 90µm2 on adsorbed Dll-
1 substrates, and 70µm2 on 90nm nanopatterns.  
 
!
Figure 26. Neural stem cell cultures after 7 days in vitro on Dll-1 nanopatterned substrates. 
(A) Immunofluorescence images of labeled neurons on poly-l-lysine (control), adsorbed and 
nanopatterned (56 nm and 90nm) Dll-1 substrates. Scale: 20µm (B) Quantification of 
neuronal soma size. Hom Dll1: adsorbed Dll-1 substrates; 56nm Dll1, 90nm Dll1: 
nanopatterned Dll-1 substrates; Control: poly-L-lysine. Data from one representative 




In order to investigate a possible effect of the Delta-like 1 ligand in the early 
differentiation of neural stem cells, the percentage of multipotent neural progenitors 
was quantified after 3 days in vitro. For this, neural stem cell were cultured on glass 
substrates treated coated with Delta-like 1 ligand for 3 days and then analyzed by 
fluorescent labeling of Nestin as a marker for identifying neural progenitors. The 
obtained results are shown in Figure 27. A reduction of nestin-positive neural 
progenitors by 33% could be observed. This indicates a role for delta-like 1 in inducing 
the differentiation of neural progenitors already within the first three days in culture, in 
contrast to polyornithine control samples. Interestingly, this effect does not seem to 
alter the total percentage of differentiated neurons after 7 days in vitro as previously 
shown. 
!
Figure 27. Neural stem cell cultures plated out on polyornithine (PORN) and delta-like 1 
(Dll1) substrates after 3 days in vitro. (A) Immunofluorescence images of labeled nestin 
(green) and cell nuclei (blue) on both substrates. Scale bar corresponds to 100 µm. (B) 
Percentage of nestin-positive cells on polyornithine and delta-like 1 substrates after 3 days in 
vitro. Data from two independent experiments is shown (n=2; * p<0,05). Error bars 






Conservatively, the role of Notch signaling has been known to regulate stem cell 
proliferation by inhibition of differentiation in neural stem cells [Artavanis-Tsakonas, 
1999; Gaiano & Fishell, 2002]. Additionally, differentiation of neurosphere cultures 
mutant for Dll-1 has shown to increase in vitro neurogenesis at the expense of glial cells 
[Grandbarbe, 2003]. According to this, an inhibition of in vitro neuronal differentiation 
in favor of glial lineages would be expected as result of neural stem cell differentiation 
in the presence of Dll-1. However, the presented findings in this work show no effect of 
nanopatterned and uniformly coated Dll-1 substrates upon neurogenic differentiation. A 
possible explanation arises from the modulation of Notch signaling by bFGF [Faux, 
2001; Rash, 2011] present in the differentiation medium, as well as EGF [Campos, 
2006] during neuropshere growth. Therefore, these factors are very likely to also play 
role in the determination of neural stem cell fate in the presented experiments.  
 
Role!of!Notch!in!the!regulation!of!neuronal!morphology!
Previous investigations of Notch1 in regulating neuronal morphology indicate a 
possible role in promoting dendritic arborization branching in neurons [Redmond, 
2000; Breunig, 2007]. Moreover, activation of Notch in newborn neurons has also been 
reported to successfully inhibit neurite growth [Sestan, 1999; Berezovska, 1999]. 
Together, these findings provide evidence for a role of ligand-induced Notch activation 
in regulating neurite morphology and branching in newborn and mature neurons similar 
to the findings presented in this work. 
Additionally to the discussed effect on neurite morphology, Dll-1 was found to lead to 
an increase in neuronal soma size in this work. Previous investigations have reported 
differences in neuronal soma between different brain regions as well as hemispheres 






The regulation of the type IV intermediate filament protein nestin in neural stem cells is 
an early step preceding their differentiation towards neuronal lineages [Frederiksen, 
1988; Zimmerman, 1994]. In this context, loss of nestin expression in neural 
progenitors has been suggested to be regulated by Notch signaling [Mellodew, 2004]. 
The results presented in this work suggest a role for Dll-1 in promoting progenitor cell 
differentiation within the first days of in vitro differentiation of neural stem cell cultures.  
!
Activation!of!Notch!by!DllD1!substrates!in!C2C12!myoblasts!
In an attempt to assay Notch activation induced by Dll-1 substrates, a luciferase assay 
was developed based on the CBF1-responsive construct reported by Hsieh et al [Hsieh, 
1996]. Since transfection of neural stem cells resulted in compromised viability of the 
cultures as well as poor transfection efficiency, the assay was further developed using 
C2C12 myoblasts. The successful activation of Notch signaling in C2C12 cells using 
Notch ligands has been previously reported [Lindsell, 1995]. As a result, activation of 
Notch could be observed in response to Dll-1 substrates (Figure 28), although the effect 
was small.  
 
 
Figure 28. Activation of Notch in C2C12 cells by Dll 1. Relative luciferase activity in cells 
transfected with a CBF1 Notch responsive vector (wt CBF1-Luc) and a control vector (mut 






The aim of this project was to investigate the effect of nanopatterned arrays of the 
immobilized Notch ligand Dll-1 upon the differentiation of neural stem cells. However, 
the presence of Notch ligands in differentiating neurons themselves [Yoon & Gaiano, 
2005] as well as the formation of an astrocyte monolayer between differentiating 
neurons and the substrate (Figure 29) need to be taken into consideration. This suggests 
that additional stimulation of Notch by neighbouring neurons is likely to affect the 
morphology of newly differentiation neurons within the culture. Therefore effects of 
resulting neuronal morphology after several days in culture are likely to be different 
depending on culture density. As a result, the stimulation of neural stem cells by Dll-1 
substrates is likely to be confined to the first few days of culturing before most neurons 
are differentiated.  
 
 
Figure 29. Differentiated neural stem cell culture on Dll 1 substrate after 7 days in vitro. 







The axon is a long projection extending from a nerve cell, or neuron, that conducts the 
electrical impulse away from the cell body. Axons constitute the primary transmission 
lines of the nervous system and may extend up to several centimeters through the 
mammalian body until they reach their innervation target (muscle fibers, sensory 
receptors, organs, etc...). During development, the leading edge of outgrowing axons 
(growth cone) probes its environment and thereby directs outgrowth (Figure 30). 
Additionally to many known soluble factors, extracellular matrix proteins like laminin 
and fibronectin can regulate the direction and extension of neuronal processes during 
development [Hopker, 1999, Kiryushko, 2004]. Unlike the developing embryo, adult 
neurons posses a very limited regenerative potential so that nerve injury may result in 
definite loss of connectivity between a sensory or motor target and the nervous system. 
Over the past decade, numerous efforts have been made in engineering biomaterials that 
may enhance the regenerative properties of injured axons. Many of these studies focus 
on the use of laminin-based biomaterials as a substrate scaffold capable of greatly 
enhancing axonal outgrowth in vitro [Labrador, 1998; Yu, 1999; Miller, 2002;  
Rangappa, 2005; Koh, 2008]. The finding that laminin is continuously synthesized after 
nerve injury [McDonald, 2006] further supports the concept of extracellular matrix 
proteins playing a central role in axonal regeneration. 
!
Figure 30. Left panel: Dorsal root ganglion explant culture. Center panel: Schematic 
representation of an axonal growth cone. Right panel: Schematic representation of integrin-





The potential application of the integrin-binding peptide RGD in supporting axonal 
outgrowth was investigated by using nanopatterned substrates. Gold nanopatterned 
glass substrates were used as a scaffold to immobilize the peptides in a spatially defined 
array. Embryonic dorsal root ganglia explants were used as a model system to 
investigate axonal outgrowth due to their ability to extend individual axons up to 
several hundreds of microns under specific cell culture conditions.  
 
13.1.1!Axonal!outgrowth!on!RGD!nanopatterned!substrates!
The influence of fibronectin, laminin and nanopatterned RGD substrates on axonal 
outgrowth was investigated by culturing dorsal root ganglia explants for 18-20h and 
subsequently determine axonal length by fluorescent labeling. As a result, DRGs 
cultured on laminin- coated substrates showed a dramatic increase in axonal outgrowth 
compared to poly-L-lysine, fibronectin, and RGD nanopatterned substrates (Figure 31). 
Moreover, both fibronectin and RGD nanopatterns also resulted in a roughly two-fold 
increase in axonal length in comparison to poly-L- lysine controls. Interestingly, gold 
nanopatterns functionalized with the fibronectin-derived RGD peptide showed a small 
but statistically significant increase in outgrowth length compared to homogeneously 
coated fibronectin substrates (Figure 31, lower right panel). On non-functionalized 





Figure 31. Dorsal root ganglion explants cultured on poly-L-lysine (PLL), fibronectin (FN), 
laminin (LM), 40nm nanopatterned RGD, 65nm nanopatterned RGD, and unfunctionalized 
gold nanopatterned glass (PEG) after 18h in vitro. Beta-tubulin 3 (TuJ1) immunofluoresence 




Additionally to the increased axonal outgrowth observed on laminin substrates, 
fluorescent labeling of F-actin and the neuron-specific filament beta-tubulin3 revelaed 
that axonal outgrowth is limited to cell-interactions on poly-L-lysine, fibronectin and 
RGD nanopatterned substrates (Figure 32). In contrast, axonal outgrowth of DRGs 
cultured on laminin substrates showed to be independent of axon-cell interactions. 
Furthermore, laminin permits the outgrowth of individual axons along the substrate as 
could be observed by immunofluorescence (Figure 33). Moreover, the number of cells 
migrating outside of the DRG explant onto the substrate appeared to be higher on 
13!Axonal!outgrowth!on!nanopatterned!peptide!substrates!
! ! 80!




Figure 32. Immunofluorescence imaging of DRG explants cultured on poly-L-lysine (PLL), 
fibronectin, laminin, 40nm nanopatterned RGD, 65nm nanopatterned RGD after 18h in vitro. 




Figure 33. (A) DRG explant cultured on an uniformly coated laminin substrate. (B) 
Outgrowing axons (green) and actin-labeled growth cones (red). Immunofluorescence of F-





The ability of different extracellular matrix proteins, laminin and fibronectin, as well as 
nanopatterns of the fibronectin-derived RGD sequence in supporting axonal outgrowth 
under cell culture conditions was investigated. Although all substrates used were able to 
support engraftment of DRG explants, axonal outgrowth was restricted to cell-contact 
on fibronectin as well as RGD nanopatterns. In contrast, laminin substrates supported 
outgrowth of individual axons up to 700-800µm in length after 18-20h, mediated 
specifically by axon-substrate interactions. Although both laminin- and fibronectin-
binding integrins are expressed in DRG neurons [Reichardt & Tomaselli, 1991] the 
observed effect of laminin is likely to be associated to activation of laminin- specific 
integrins according to the presented data. Furthermore, nanopatterned substrates 
functionalized with the fibronectin-derived RGD motif that is known to interact with 
fibronectin-binding integrins showed very similar behavior to their native counterpart 
when comparing morphology as well as axonal outgrowth length.  
The local and substrate-specific effect of laminin towards increasing axonal outgrowth 
was further investigated by culturing a DRG explant on a fibronectin-coated substrate 
with added laminin only on the upper half of the DRG (Figure 34). As a result, 
outgrowing axons in contact with the laminin- treated regions (Figure 34, upper half) 
show greatly increased length and are not restricted to cell- interactions as opposed to 
fibronectin alone (Figure 34, lower half). Moreover, the number of cells migrating 
outside the explant, as well as the number of axons seems to remain unaffected by the 





Figure 34. DRG explant cultured on fibronectin (FN) and fibronectin with added laminin 











Following cloning of the green fluorescent protein (GFP) gene almost decades ago 
[Prasher, 1992; Chalfie; 1994], it has quickly revolutionized various fields of science as 
a marker in living cells [Schmid & Neumeier, 2005; Tsien, 1998]. Likewise, the 
generation of genetically engineered mouse lines which express enhanced GFP (EGFP) 
in neuronal cells has proven to be an excellent method for investigating nerve 
outgrowth [Hechler, 2006]. 
The tau protein is a member of the microtubule-associated protein (MAP) family 
predominantly expressed in neurons, as well as in oligodendrocytes and astrocytes to a 
lesser extent [Binder, 1985; Gu, 1996; LoPresti, 1995; Vanier, 1998]. Targeting of 
EGFP to the tau locus led to the generation of the “tauGFP” mouse line, allowing for 
visualization of individual nerves as well as the entire nervous system in whole 
embryos [Tucker, 2001].  
In this work, the M22 mouse line [Tucker et al, unpublished] featuring higher levels of 
GFP expression in neurons under control of the tau promoter is presented.! The 
construct for generating the M22 mouse line consists of a portion of the Mtapt/tau 
(microtubule associated protein tau) gene followed downstream by the EGFP gene 
(Figure 35). This fragment of the Mtapt locus encompasses the promoter, the 
transcriptional start site, the first exon, and a fragment of the first intron [Tucker, Barde; 
unpublished]. In contrast to the tauGFP mouse line, endogeneous Mtapt/tau gene 
expression is not affected in the M22 line due to the random integration sites of the 
transgene.  
 
Figure 35. Schematic representation of the EGFP cDNA construct used for the generation of 




The EGFP expression levels were determined by Western Blot of M22, wildtype and 
tauGFP mouse whole brain lysates. A comparison of GFP expression levels in tauGFP 
homozygous and heterozygous animals against M22 animals is shown in Figure 36, A. 
Quantification of western blot band intensity after normalization with alpha-actin 
revealed an approximate two-fold increase of intracellular concentration of GFP in M22 
animals as shown in Figure 36, B. This suggests that there are two copies of the EGFP 
construct present per allele in M22 animals in comparison to tauGFP mice. Furthermore, 
comparison of GFP fluorescence in M22-/- and tauGFP+/- by fluorescence imaging 
revealed a very noticeable increase in fluorescence intensity, as shown in Figure 37.  
 
Figure 36. (A) Western Blot analysis of GFP protein levels in M22, tauGFP and wildtype 
(WT) animals. Alpha-actin was used as loading control. (B) Quantification of Western Blot 
band intensity to determine relative protein amount in samples.  
!
!
Figure 37. Light sheet fluorescence microscopy (LSFM) images of M22-/- and tauGFP+/- 
embryos (E12.5). EGFP fluorescence emission captured at 488nm (green) and 514m (blue) is 




The neuron-specific expression of GFP in M22 embryos was investigated by 
colocalization analysis using beta-tubulin III as a neuronal marker. For this, coronal 
cryosections of embryonic day 12,5 M22 animals were labeled using TuJ1 and anti-
GFP. The stained sections were then imaged at selected regions of the trigeminal 
ganglia, lateral ganglionic eminences, dorsal root ganglia, and cerebral cortex were then 
by confocal fluorescence microscopy. As a result, the neuronal identity of GFP positive 
cells in M22 embryos could be confirmed by colocalization with the TuJ1 antibody in 





Figure 38. Colocalization of EGFP and beta-tubulin III (TuJ1) in cryosections of M22 
embryos. Neural tissues depicted: (A) Trigeminal ganglion, (B) Lateral ganglionic eminence, 





To investigate the suitability of the M22 mouse line to visualize individual neurons, in 
vitro differentiated neurosphere cultures were prepared as described in Chapter 7.1, and 
imaged by time-lapse fluorescence microscopy. Dissociated neurosphere cultures were 
cultured in vitro for five to six days in differentiation medium (see Table 6), and then 
imaged for 20-24 hours under cell culture conditions. Expression of EGFP in single 
neurons proved sufficient for the successful visualization of individual growth cones 
and filopodia over the course of several hours, as shown in Figure 39. Furthermore, this 
method also proved useful for imaging of individual highly motile EGFP-expressing 
neurons. Figure 40 shows a five-minute interval time-lapse series of a migrating neuron.  
 
 
Figure 39. Time-lapse series of a single in vitro differentiated neuron derived from 
neurosphere culture prepared from M22 embryos. The formation and elongation of a 
filopodium protrusion (as indicated by the arrow) from the growth cone is shown in 45 minute 
intervals. Phase contrast images (top) and GFP fluorescence (bottom) are shown. Scale bar 




Figure 40. Time-lapse series of a single in vitro differentiated neuron derived from 
neurosphere culture prepared from M22 embryos. Phase contrast (top) and GFP fluorescence 








Following the introduction of orthogonal-plane fluorescence optical sectioning [Voie, 
1993] and theta confocal microscopy [Stelzer & Lindek, 1994], light sheet based 
fluorescence microscopy (LSFM, Figure 41) has been widely applied for the 
investigation of live model organism embryos [Huisken, 2004; Keller, 2008], as well as 
a variety of biological disciplines ranging from marine biology [Fuchs, 2002] to 
developmental [Keller, 2008; Huisken & Stainier, 2009] and cell biology research 
topics [Keller, 2007; Pampaloni, 2007].  
In this chapter, the M22 transgenic mouse line is investigated as a model system to 
visualize the developing embryonic nervous system using light sheet fluorescence 
microscopy. The following experiments were conducted in cooperation with Dr. Günter 
Giese, of the Max-Planck Institute for medical research, Dept. of Biomedical Optics. 
 
!
Figure 41. Schematic drawing of light sheet fluorescence microscopy (LSFM). The specimen 
is illuminated by a laser light sheet allowing for optical sectioning. Fluorescence emission 
from the sections is then captured by a CCD camera focused by an objective lens 
perpendicular to the sample. By moving the sample through the light sheet in small steps, a z-




M22 embryonic mice were imaged by LSFM following by three-dimensional 
reconstruction of the resulting image stacks. For this, embryonic day 12,5 and 13,5 
animals of the M22 and tauGFP mouse lines were used. Selected images from the 
resulting 3D rotational models of M22 embryos are shown in Figure 42. Imaging using 
488nm and 514nm excitation wavelengths was performed, allowing for distinction 
between specific EGFP fluorescence and unspecific light scattering from the light sheet 
into the objective. As a result, a highly detailed image of the central and peripheral 
nervous system of the imaged embryos was achieved. Individual dorsal root ganglia of 
the spinal cord (marked as ‘D’), the emanating spinal nerves (*), as well as the 
trigeminal (V), facial (VII) and vagus (X) nerve ganglia are highlighted. 
 
Figure 42. 3D models reconstructed from LSFM images of EGFP expression in E13,5 (A) 
and E12,5 (B) M22 embryos. EGFP fluorescence emission (green) and reflected light at 
514nm (blue) is depicted to visualize background signal (cyan). Trigeminal ganglion (V), 
facial nerve ganglion (VII), vagus nerve ganglion (X), dorsal root ganglia (D) and spinal 




To further demonstrate the capabilities of this technique, virtual sections of imaged 
specimens in 10µm (Figure 43 e, f and g), 500µm (b, c and d) and full thickness (a) 
were created by maximum intensity projection of individual LSFM images. The 500µm 
projected images were rendered to encompass the corresponding 10µm section on the 
right side of the panel, in order to resolve nerve projections throughout the specimen of 
the selected regions. As a result, 500µm virtual specimen sections successfully resolve 
detailed nerve projections from individual ganglia in high detail. Furthermore, in 
contrast to the whole thickness specimen projection these offer better distinction of 
individual structures and nerve projections. The following components of the nervous 
system were resolved (Figure 43): The trigeminal ganglion (marked ‘V’, panels b and e), 
facial (‘VII’) and vagus (‘X’) nerve ganglia (panels c and f), and dorsal root ganglia 
(‘D’). On all of these structures, visualization of outgrowing nerves from ganglia was 




Figure 43. Maximum intensity z-projections of LSFM images captured from an E12.5 M22 
embryo. Z-projections of the whole specimen (a), as well as 500µm thick sections (b,c,d) and 
single LSFM images (e,f,g; z=10µm) are shown. EGFP fluorescence (green) and unspecific 
scattered light excitation at 514nm excitation (blue) is depicted to visualize unspecific signal 
(cyan). Trigeminal ganglion (V), facial nerve ganglion (VII), vagus nerve ganglion (X), 




In the developing embryo, semaphorin 3A (Sema3A) is secreted by surrounding tissues 
of outgrowing axons and acts as a chemorepulsive guidance cue in the developing 
central and peripheral nervous system [Pasterkamp & Kolodkin, 2003]. To further 
explore possible applications of the M22 mouse line, nerve outgrowth in the 
semaphorin 3A (Sema3A) mouse mutant was investigated by light sheet fluorescence 
microscopy. For this, Sema3A knockout mice were crossed to M22 animals, in order to 
generate mice featuring the Sema3A mutation as well as GFP-expressing neurons. The 
resulting Sema3A:M22 transgenic mice were then imaged at selected regions of the 
trigeminal ganglion, forelimb and hindlimb by LSFM. Axonal defasciculation 
(unbundling) could be observed in the proceeding nerves from the trigeminal ganglion 
(Figure 44 A, indicated by arrows). Additionally, nerves innervating the fore- and 
hindlimbs show clear signs of aberration (Figure 44, B and C). This is manifested by an 
appearent thinner and shortened morphology, as well as an abnormal branching pattern 





Figure 44. Innervation defects in Semaphorin-3A:M22 (Sema3A) embryonic day E12.5 
mutant embryos resolved using LSFM imaging. Arrows indicate defasciculation defects in the 
trigeminal nerve (marked ‘V’, panel A), forelimb (B) and hindlimb (C) innervation, in 







The standard transgenic approach utilized for generating the M22 mouse line allows for 
multiple-copy insertion of the GFP construct, leading to overall increased expression of 
GFP compared to the Tau-GFP mouse. Quantification of GFP expression in M22 mice 
by Western Blot revealed roughly twice the amount of protein in comparison to tauGFP 
animals. This suggests that the M22 mouse carries two copies of the GFP expressing 
transgene per allele. Previous investigations have also suggested the presence of two to 
three copies of the EGFP transgene in the M22 mouse, as determined by Southern Blot 
of EGFP cDNA in various M22 animals [Brachmann I. , 2011].  
!
Fluorescent!imaging!of!whole!mouse!embryos!
Conventional immunohistochemical labeling of tissue or specimen sections have a 
limited reagent and antibody penetration of typically a few tens of microns [Melvin & 
Sutherland, 2010]. Even by using thick tissue sections of prelabeled tissue, like for 
example the M22 mouse, recording of similar image stacks by confocal microscopy 
induces significant photo-induced damage to the specimen since the entire specimens 
has to be illuminated for capturing each individual image of the stack. Creating stacks 
of thick specimens sections as shown in chapter 14.4.2 would therefore not be feasible 
without using additional labeling agents. In contrast, the use of LSFM offers the 
advantage of highly reduced photobleaching, since each image is recorded by using a 
light sheet illuminating only the focal plane. This allows for imaging of large specimens 






Due to the inherent properties of theta based microscopy [Stelzer & Lindek, 1994], 
imaging a thick non-transparent specimen, such as a mouse embryo, results in an 
uneven fluorescence emission intensity profile. The resulting fluorescence emission 
intensity profile for an imaged M22 embryo is depicted in Figure 45. The uneven 
fluorescence emission throughout the sample results primarily from the limited 
transparency of the embryonic tissue causing light scattering and adsorption. This leads 
to increased excitation of fluorophores in tissues closer to the incident illumination light 
sheet relative to those at the opposite side of the specimen. Likewise, since emitted 
fluorescence has to pass through the specimen, specimen areas closer to the objective 
appear brighter. In an attempt to counteract this effect, the imaged specimens were 
rehydrated in BABB after fixation, which effectively homogenizes the refractive index 
of biological tissues [Zucker, 2006; Parra, 2010]. Alternatively, rotating the sample 
relative to the illumination light sheet has also been successfully applied to compensate 
for uneven fluorophore excitation [Huisken, 2009]. 
 
Figure 45. Schematic representation of fluorescence emission intensity of a M22 specimen in 
the light sheet fluorescence microscopy setup used in this work. Arrows on the right side of 






Imaging of the Sema3A:M22 mouse lead to the observation of innervation defects in 
the trigeminal ganglion, forelimb and hindlimb. These observations are in accordance 
with previous investigations of Sema3A mutant mice showing aberrant outgrowth of 
spinal nerves [Huber, 2005; Brachmann, 2007], as well as defects in nerve branching 


















The use of fibronection, laminin, N-Cadherin and polyornithine as substrates for the in 
vitro differentiation of neurosphere-derived neural stem cell cultures was investigated. 
As a result, 20-25% of neurons were obtained on all substrates after 7 days of 
differentiation. However, total cell number of differentiated cultures on fibronectin, 
laminin and N-Cadherin was increased by a factor of 2-3 in contrast to polyornithine, 
suggesting a possible role of these CAMs in promoting proliferation of neural stem 
cells. 
Neural stem cell differentiation on Delta-like 1 substrates revealed a small fraction of 
drastically enlarged neurons also featuring a more complex branching morphology in 
contrast to standard in vitro differentiation conditions. The cell body of this subset of 
neurons displayed a six-fold enlarged cell body size. The average neuronal population 
on Dll 1 substrates also showed an increased cell body size by a factor of two in 
comparison to control cultures differentiated on poly-ornithin substrates. Additionally, 
an increase in neuronal branching and neurite number was observedin the presence of 
Dll 1. Together, these effects were most prominent on 56nm nanopatterned Dll 1, 
followed by 90nm and uniformly coated Dll 1 substrates, suggesting a density-
dependent response. Finally, the percentage of newly generated neurons in vitro was not 
found to be affected by exposure to Dll 1 nanopatterned or uniformly coated substrates.  
The use of nanopatterned protein substrates presented in this work provides a platform 
for investigating cellular response to specific ligands at a defined and variable surface 
density. Furthermore, the controlled reversibility of glass passivation as demonstrated in 
this work enables the possibility of supporting cell-adhesion independently of the cell-






The effect of nanopatterned integrin-binding peptides on supporting axonal outgrowth 
was investigated using dorsal root ganglia explants. Substrates uniformly coated with 
fribronectin as well as nanopatterned RGD supported axonal outgrowth up to 200µm 
after 12 hours. However, further examination revealed that outgrowth was limited to 
cell-contacts to cells migrating from the explant. In contrast, uniform coating of 
substrates with laminin allowed for axonal outgrowth up to 800µm, showing clear 
interaction of leading growth cones with the substrate. This suggests that this effect is 
likely mediated by laminin-specific integrins.  
These results suggest a possible application of laminin-based biomaterials for 
stimulating the regeneration of injured axons in vivo. Additionally, the presented 
approach can be easily enhanced to generate defined gradients of the immobilized 
peptides [Hirschfeld-Warnecken, 2008]. This would further allow the investigation of a 







In this work, a newly developed transgenic mouse line that expresses EGFP in neurons 
was investigated. EGFP expression patterns within the nervous system were 
investigated, showing a high degree of colocalization with the standard neurogenic 
marker TuJ1 (β-tubulin III). By using multiple copies of the EGFP gene under control 
of the tau promoter, a much stronger expression level than reporter for the tauGFP 
knock-in locus was demonstrated. This allows for superb resolution of the entire 
nervous system in whole embryos, as demonstrated by light sheet fluorescence 
microscopy. Additionally, time-lapse imaging of individual in vitro differentiated 
expressing neurons revealed successful fluorescent labeling of highly motile neurons as 
well as small morphological aspects such as the growth cone. Finally, innervation 
defects caused by mutation of the axonal guidance protein Semaphorin 3A were 
investigated. As a result, axonal defacsiculation of nerves innervating the fore- and 
hindlimb as well as from the trigeminal ganglion was observed. 
Together these findings demonstrate the high potential of this mouse line and imaging 
technique for the investigation of the development of the embryonic nervous system. 
Moreover, the described construct utilized for generating this mouse can be easily used 
as a platform for the expression of any cDNA of interest in neuronal cells throughout 
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